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ABSTRACT 
 
Inspired by mechanotransduction, new strategies are employed to impart 
productive mechanochemical response to polymeric materials. These 
mechanoresponsive materials possess the ability to respond to an applied global force 
through a local chemical reaction. In synthetic polymers, mechanochemical response is 
achieved through the use of a mechanophore, a single molecule with a detectable, 
force-driven chemical response, linked to the polymer backbone. In this dissertation, 
evidence of a mechanically-induced local chemical reaction (an electrocyclic ring-
opening) is provided by a color- and fluorescence-generating spiropyran 
mechanophore. The opening of spiropyran (SP) into merocyanine (MC) is driven by 
mechanical force, UV light, or heat, and is reversible. The focus of this dissertation is to 
evaluate the transformation of SP to MC under shear loading conditions in bulk 
polymers and at the interface between a glass fiber and a polymer matrix. 
Spiropyran is successfully incorporated as a co-crosslinker into poly(methyl 
methacrylate) and the mechanical transformation of SP to MC, or activation of SP, in 
bulk mechanophore-crosslinked polymers is studied under monotonic torsion. In situ full 
field fluorescence imaging is used to determine the threshold stress and strain required 
for activation as a function of strain rate and polymer architecture, both of which have a 
significant effect on mechanochemical activity of spiropyran in the bulk polymer. 
Increasing the strain rate leads to an increase in activation stress, similar to the yield 
stress in polymers. Increasing the length of the primary crosslinker with respect to the 
spiropyran leads to a decrease in activation stress, while the activation strain becomes 
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more strain rate dependent with longer primary crosslinkers. These findings show that 
the molecular details of the network architecture can be altered to tune the 
mechanochemical response. 
To further investigate the role of the polymer network effects on the mechanical 
activation of spiropyran, torsional creep experiments are carried out with previously 
established imaging and analysis methods for monotonic loading. In contrast to 
constant strain rate torsion results, mechanical activation of spiropyran is achieved at 
stress levels less than the yield stress of the bulk polymer, given sufficient time. Lower 
levels of creep stress require a longer time but smaller threshold strain for activation. 
Additionally, a peak in the creep strain rate corresponds closely to the measured optical 
activation of the spiropyran, indicating mechanophore activation occurs near the onset 
of strain hardening, when polymer mobility is highest. A strong correlation between the 
mechanical activation of spiropyran and the rate of deformation is also found, and holds 
for both monotonic torsion and torsional creep. 
Finally, localized activation of a mechanophore-functionalized interface is 
demonstrated. E-glass fibers are surface functionalized with SP and embedded in a 
polymer matrix. Interfacial shear stress is imparted to the SP by a single fiber microbond 
testing protocol. In situ detection of SP activation at the interface is monitored by 
fluorescence spectroscopy. Unlike previous studies for bulk polymers, SP activation is 
achieved and detected at very low levels of applied shear stress. By linking SP at the 
glass-polymer interface and transferring load directly to the interface, a more efficient 
mechanism for eliciting SP response is achieved. 
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The combined experimental, imaging and analysis techniques developed in this 
dissertation quantify activation of a SP mechanophore at different size scales and 
facilitate the understanding of the mechanisms of mechanochemical activation in 
polymeric materials. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 Biological Mechanotransduction 
Mechanotransduction, the process by which living organisms dynamically 
respond to mechanical stimuli in their environment, enables critical biological processes 
such as touch, hearing, balance, and bone remodeling[1]. Individual cells posses the 
capability to sense mechanical signals from the extracellular matrix through receptors 
on the cell surface. These mechanical signals are propagated through the cytoplasm to 
the nucleus, which responds to the signal[2]. In addition to mechanosensitive surface 
receptors, cells also have the ability to react to mechanical stimuli through mechanically 
gated membrane ion channels and the release of enzymes, calcium ions, and 
transmitters[3]. By utilizing the rapid response of these multiple pathways, mechanical 
forces can simultaneously alter the activity of different molecules at various locations 
within the cell. 
Beyond single cells, mechanotransduction occurs on a larger scale to control 
processes such as hearing and bone remodeling. Mechanosensitive bundles of hair in 
the ear form elaborate structures of stereocilia with physical linkages between the tips 
as shown in Figure 1.1a,b[4]. As the stereocilia bundle is deformed by sound waves, 
tension is applied to the tip link, which directly pulls open the mechanically gated ion 
channel, allowing for signal transmission (Figure 1.1c,d). In bone, in vivo dynamic 
mechanical loads cause cells to stretch[5], creating fluid movement within microscopic 
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canals of the bone. The increased fluid flow allows for site specific healing and 
remodeling. Additionally, mechanical loading inhibits bone resorption and increases 
bone formation. 
While manifested across many different size scales, mechanotransduction 
processes ultimately involve the transformation of mechanical stimuli to productive 
chemical responses. Biological systems have refined the relay of stimuli to response, 
and mechanotransduction is more efficient than other transduction pathways[4, 5]. The 
efficiency and adaptability of mechanotransduction in nature has motivated the creation 
of synthetic mechanoresponsive materials. 
 
 
Figure 1.1: Mechanosensitive hair bundles in the ear. a) Hair bundle in a bullfrog saccule (scale bar = 1 
µm). b) Two stereocilia and the tip link extending between them (scale bar = 0.1 µm). c) Schematic of 
deflection of hair bundle. d) Schematic model of transduction. Deflection increases tension in tip links, 
which pull open a transduction channel at each end. Reproduced from [4]. 
 
1.2 Mechanoresponsive Materials 
Stimuli responsive materials adapt their properties or alter their form in response 
to a change in environment. Responses coupled to a wide range of external stimuli such 
as temperature, UV and visible light, pH, electric potential, magnetic field and biological 
analytes, have been demonstrated in polymers[6]. These responses include changes in 
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optical properties, mechanical properties, chemical composition, shape, volume, surface 
tension, permeability, adhesive and adsorptive properties, and degradation. Some of 
the most extensively studied polymers are polymer brushes[7], hydrogels[8], and shape 
memory polymers[9]. 
Inspired by mechanotransduction in biological systems[1], an emerging class of 
stimuli-responsive polymers responds chemically to mechanical forces[10]. The default 
mechanochemical reaction to external stress is unselective homolytic bond scission[11], 
which ultimately results in failure of polymeric materials as shown schematically in 
Figure 1.2a. Mechanochemical degradation of polymer chains has been widely 
studied[12-15], but recent investigations have focused on the productive channeling of 
mechanical energy to activate chemical pathways that favorably alter or enhance the 
properties of the polymer. 
Successful strategies for the development of mechanosensitive polymers include 
the aggregation of photoluminescent dyes[16], cis-trans isomerization of 
azobenzenes[17], supramolecular re-organization of poly(urethane-diacetylene) chain 
segments[18], distortion of polymerized crystalline colloidal arrays[19], deformation-
induced ion-pair dissociation[20, 21], mechanical breakup of cinnamoyl groups[22], and 
activation of force-sensitive molecules, i.e., mechanophores, linked into the polymer 
backbone[23-39]. 
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Figure 1.2: a) Conventional mechanochemical degradation of a polymer and b) mechanochemical 
response of a polymer containing a mechanophore. 
 
1.3 Mechanophore-Linked Polymers 
The strategy adopted in this dissertation makes use of a mechanophore-linked 
polymer motif. The concept relies on a force sensitive mechanophore preferentially 
reacting before polymer chain scission as shown schematically in Figure 1.2b. By 
chemically linking the chosen mechanophore into the polymer, force applied to the bulk 
polymer can be efficiently transferred from the polymer chains to the targeted 
mechanophore. Over the past several years, researchers in the field of 
mechanochemistry have developed a diverse range of mechanophores, each with a 
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unique chemical signature upon activation[23-39]. This library of synthetic 
mechanophores is summarized in Figure 1.3. 
Solvodynamic shear imparted to polymer chains during sonication provides an 
efficient mechanism for activation of mechanophores. A protocol to induce 
mechanochemical reactions in a sonication cell was developed by Berkowski et al.[23]. 
Site-specific cleavage of polymer chains in solution was achieved by introducing a weak 
azo linkage into poly(ethylene glycol). 
Hickenboth et al.[24]. demonstrated mechanical forces imparted to polymers in 
solution during sonication can give rise to unconventional ring-opening reactions. trans 
and cis isomers of 1,2-disubstitued benzocyclobutene were incorporated in 
poly(ethylene glycol) chains, and after sonication, mechanically biased pathways were 
evidenced by identical products attained through a formally conrotatory and formally 
disrotatory ring-opening process, while exposure of the benzocyclobutene 
mechanophore to heat or light produced different products by mutually exclusive 
pathways. 
Mechanically-induced ligand dissociation from transition-metal complexes was 
reported by Paulusse et al.[25]. Karthikeyan and co-workers[36] later utilized ligand 
dissociation to generate carbenes capable of organic catalysis from silver N-
heterocyclic carbine ligands. Ring-opening reactions were observed by Lenhardt et. 
al.[27] during sonication of polybutadiene copolymer solutions containing a gem-
dichlorocyclopropane mechanophore. Kryger et al.[28, 29] demonstrated the generation 
of reactive alkenes upon fragmentation of a strained dicyano-substituted cyclobutane 
ring[28] and investigated the effect of mechanophore stereochemistry on the 
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mechanochemical reactivity[29]. Wiggins et al.[30] mechanically induced reconfiguration 
of stereoisomers that have high thermal isomerization barriers. Mechanoresponsive Pd-
based polymers were sonicated to mechanically unmask a catalytically active palladium 
species which subsequently facilitated carbon-carbon bond formation[31]. A gem-
dichlorocyclopropanted indene based mechanophore was shown to release acid upon 
mechanical stress[32]. Bielawski and co-workers facilitated retro (4 + 2) cycloaddition 
reactions[33] and 1,3-dipolar cycloreversions[34] in poly(methyl acrylate) chains. Most 
recently, mechanochemical isomerization of epoxides was demonstrated in solutions of 
epoxidized polynorbornene[35]. Several of these mechanophore systems have potential 
to impart mechanically activated stress relief[40] or self-healing[28, 31] properties to 
polymers. 
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Figure 1.3: Timeline of discovery of mechanophores used in polymeric systems. Reproduced from [41]. 
 
The mechanophore investigated in this dissertation, spiropyran (SP), provides 
evidence of a local chemical reaction (an electrocyclic ring-opening) by reversibly 
transforming from a closed, colorless SP form into a highly colored and fluorescent 
merocyanine (MC) molecule by rupture of the spiro carbon-oxygen (C-O) bond (Figure 
1.4). SP is known to transform to the MC form with UV light as well as heat and is 
reversible with visible light. As first shown by Potisek et al.[36], mechanical force 
provides an additional pathway for the ring-opening to occur as indicated by a visible 
color change of a solution of SP-linked PMA in solution after sonication (Figure 1.5). 
Davis et al.[37] successfully showed selective activation, and consequent visible color 
change, of the SP mechanophore linked in linear PMA (Figure 1.6) during tension and 
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in crosslinked poly(methyl methacrylate) (PMMA) during diametric compression. 
Davis[37] observed strain rate sensitivity and the need for large plastic strain to achieve 
activation, but lacked quantitative in situ analysis of the SP to MC transformation. 
 
 
Figure 1.4: The transformation of spiropyran to merocyanine. The reaction is driven forward with UV light, 
heat, and mechanical force. The reverse reaction is driven by white light. 
 
 
Figure 1.5: Images illustrating the visible color change of SP-linked PMA in CH3CN (7.5 mg/10 mL) 
solution. a) Before sonication b) After 27 minutes of pulsed ultrasound (0.5 s on, 1.0 s off, 20kHz, 8.7 
W/cm2) under Ar at 6-9 °C. Reproduced from [42]. 
 
Additional studies of the SP mechanophore in bulk polymers reveal that the 
transfer of macroscopic force to the SP molecule, and subsequent activation to the 
merocyanine (MC) form, is inherently tied to the mechanical behavior of the polymer[43-
46]. Examining a chain centered mechanophore in PMMA, Beiermann et al.[43] 
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determined a critical temperature window over which SP activated, coinciding with 
conditions necessary to achieve polymer yielding and drawing. Polymer chain 
orientation was also an important factor contributing to SP activation[44], suggesting 
that the reaction can be tuned by altering the polymeric structure. After incorporating SP 
in polycaprolactone, O’Bryan et al.[45] measured the force induced by the MC to SP 
transformation when driven by white light under constant strain. Lee et al.[46] 
incorporated SP in polyurethane and demonstrated that mechanically activated MC is 
inhibited from transforming back to the thermodynamically favorable SP form when held 
at constant strain. Lee et al.[46] also investigated the time constant of the reversion of 
MC to SP through fluorescence decay, concluding that the reversion is influenced by 
relaxation of residual strain after deformation. 
 
 
Figure 1.6: First demonstration of SP incorporation and activation in bulk polymeric material. a) Force-
induced SP-MC transformation is evident by appearance of visible color as a function of tensile strain. b) 
Color is monitored as a change in green intensity with plastic strain. Active samples show a large change 
in color while control samples show no color change. Reproduced from [37]. 
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1.4 Overview and Outline of Thesis 
In this dissertation, several new experimental methods are developed to 
characterize the coupling of polymer properties and mechanochemical response. 
Specific objectives and tasks are summarized in Figure 1.7. Activation of SP is 
examined under shear loading of bulk SP-crosslinked PMMA and localized at the 
interface between the polymer and a glass fiber.  
 
 
Figure 1.7: Schematic of research objectives and flow. 
 
Bulk activation of SP is examined in Chapters 2 and 3. SP is incorporated as a 
co-crosslinker in PMMA. Bulk polymer samples are tested in monotonic torsion and the 
activation of SP is monitored in situ using a newly developed full field fluorescence 
technique. In Chapter 2, mechanochemical reaction of the SP is characterized as a 
function of strain rate and polymer architecture. 
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Chapter 3 reports the time-dependence of SP activation in bulk polymers 
subjected to torsional creep. SP activation is related to characteristics of time-
dependent polymer deformation, suggesting its value as a molecular probe of 
deformation mechanisms. 
Localized activation of SP is described in Chapter 4. SP response is studied at a 
glass fiber-polymer matrix interface and fluorescence spectroscopy provides 
confirmation of mechanophore activation. Trends in the localized SP behavior provide 
insight for more efficient mechanisms of mechanophore activation. Finally, a summary 
of the completed work is provided in Chapter 5, along with suggestions for future work. 
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CHAPTER 2 
SHEAR ACTIVATION OF MECHANOPHORE-CROSSLINKED 
POLYMERS 
 
2.1 Introduction 
Employing a new strategy to impart productive mechanochemical response to 
crosslinked polymers, spiropyran mechanophores are successfully incorporated as 
crosslinkers into poly(methyl methacrylate) (PMMA). Evidence of a shear activated local 
chemical reaction is provided by the color- and fluorescence-generating spiropyran 
mechanophore. Bulk polymer samples and controls are studied under shear loading. In 
situ full field fluorescence imaging is used to determine the threshold stress and strain 
required for activation as a function of strain rate and polymer architecture, both of 
which have a significant effect on mechanochemical activity in the bulk polymer. 
Increasing the strain rate leads to an increase in activation stress, similar to bulk 
polymer yielding. Increasing the length of the primary crosslinker with respect to the 
spiropyran leads to a decrease in activation stress, while the activation strain becomes 
more strain rate dependent with longer primary crosslinkers. These findings show that 
the molecular details of the network architecture can be altered to tune the 
mechanochemical response. 
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2.2 Experimental Procedures 
2.2.1 Materials and Synthesis 
The material investigated was a crosslinked poly(methyl methacrylate) (PMMA) 
with a total crosslink density of 1 mol%, which was kept constant for all samples. PMMA 
samples were crosslinked with both a primary crosslinker (0.982 mol%) and a 
secondary crosslinker of spiropyran (1) (0.018 mol%). Mechanophore content was 
chosen based on a previous study of this polymer system[37]. The primary crosslinker 
was either ethylene glycol dimethacrylate (EGDMA) (3), poly(ethylene glycol) 
dimethacrylate with a molecular weight of 550 Da and a polydispersity index (PDI) of 
1.02 (PEG550) (4) or poly(ethylene glycol) dimethacrylate with a molecular weight of 
750 Da and PDI of 1.04 (PEG750) (5). The approximate fully-extended lengths and 
chemical structures of each primary crosslinker along with the closed and open form of 
the SP mechanophore are given in Figure 2.1. 
Active polymers (shown in Figure 2.1a and Figure 2.1b) consisted of difunctional 
spiropyran (1) as the mechanophore and EGDMA (3), PEG550 (4) or PEG750 (5) as 
the primary crosslinker. Here, polymer was linked to the 5′ and 8 attachment points of 
SP as shown in Figure 2.1a, allowing force transfer across the C-O spiro-bond. 
Monofunctional control polymers (shown in Figure 2.1c) were synthesized with 
monofunctional spiropyran (6) and a primary crosslinker of EGDMA (3), PEG550 (4) or 
PEG750 (5). In this case, polymer was only linked to one attachment point on the SP, 
precluding force transfer across the molecule. Monofunctional control SP was still 
reactive to heat and light stimuli, but not mechanical force[36, 37]. 
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Figure 2.1: PMMA network and crosslinker structures. a) Schematic of crosslinked PMMA with primary 
crosslinkers approximately the same length as SP. b) Schematic of crosslinked PMMA with primary 
crosslinkers longer than SP. c) Structure of monofunctional control sample showing SP linked on one side 
only. Lengths listed are distances between crosslink points (marked by ) and are coarse estimates from 
fully extended chains after an energy minimization using Chem 3D. 
 
Synthesis of the crosslinked PMMA was performed via a free radical 
polymerization using benzoyl peroxide (BPO) as the radical source and N,N-
dimethylaniline (DMA) as the activator[37]. Unless otherwise stated, all starting 
materials and reagents were obtained from commercial suppliers and used without 
further purification. BPO was re-precipitated from acetone using water and partially 
dried under vacuum. DMA was distilled under reduced pressure from zinc metal. Methyl 
methacrylate monomer was filtered through a plug of basic alumina just before use to 
remove the inhibitor. Polypropylene syringes (1 mL) with a molded gauge section were 
used as	  molds for the polymer. 
For mechanically active samples, BPO (15 mg, 0.0619 mmol, 0.00662 equiv), 
difunctional SP (1) (0.83 mg, 0.00169 mmol, 0.00018 equiv) and methyl methacrylate 
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(MMA) (1 mL, 9.39 mmol, 1 equiv) were combined in an Eppendorf tube, flushed with 
argon for 15 seconds, sealed and mixed. Either EGDMA (3) (17.4 µL, 0.0922 mmol, 
0.00982 equiv), PEG550 (4) (46.2 µL, 0.0922 mmol, 0.00982 equiv) or PEG750 (5) 
(62.3 µL, 0.0922 mmol, 0.00982 equiv) was then added. Once the components were 
fully dissolved, DMA (6 µL, 0.0473 mmol, 0.00506 equiv) was added and the Eppendorf 
tube was again flushed with argon, sealed and mixed. The reaction mixture was allowed 
to pre-polymerize for 20 minutes to increase viscosity and then injected into the pre-
shaped syringe molds while flushing with argon to remove oxygen from the mold and 
ensure consistent polymerization. After injection, the upper atmosphere of the mold was 
filled with a blanket of argon. The syringe was then capped with a septa, and the entire 
mold up to the septa was submerged in a graduated cylinder filled with 25 °C water to 
mitigate the exotherm of the polymerization. After polymerizing for at least 16 hours, the 
samples were removed from the syringe molds by cutting and peeling the molds away. 
Samples were then exposed to intense white light for at least 24 hours to ensure the SP 
was in the closed form when shear testing began. 
Monofunctional control samples were prepared in the same manner except 0.01 
molar equivalents of EGDMA (3), PEG550 (4) or PEG750 (5) were used to achieve a 
crosslink density of 1 mol%. Monofunctional SP (6) was added in the same molar ratio 
as the mechanically active samples (0.00018 equiv) and was dissolved in 100 µL of 
dichloromethane before injection into the reaction mixture to enhance solubility. 
Furthermore, plain control samples were prepared with 0.01 molar equivalents of 
EGDMA (3), PEG550 (4) or PEG750 (5) and no SP. 
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2.2.2 Shear Testing and Data Analysis 
Shear testing was performed with a TA Instrument’s AR-G2 rheometer. Custom 
torsion grips were designed and fabricated to hold a cylindrical torsion sample as shown 
in Figure 2.2a. The torsion sample had a gauge section 2 mm in diameter and 10 mm 
long, while the grip section of the sample was 4 mm in diameter. Torsion tests were 
conducted at constant strain rates of 10-4, 10-3, and 10-2 sec-1, at room temperature. For 
all tests, the sample was held in 2 N ± 0.5 N tension while rotating at a constant strain 
rate until failure.  
 
 
Figure 2.2: Full field fluorescence imaging technique. a) Torsion sample in rheometer illuminated with 
400-550 nm light, b) Top view of FFF schematic, c) Typical FFF images before (left) and after (right) 
testing. 
 
Torsion testing of the lightly crosslinked PMMA produced large deformations that 
required the use of nonlinear analysis to accurately calculate shear stress and shear 
strain. We adopted a modification of Nadai’s solution[47] that incorporated axial strain. 
The modified shear stress, τ, as derived by Wu et al.[48] is, 
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                                            (2.1) 
where r is the sample radius, M is the applied torque, A is the axial strain as a function 
of rotation, and θ is the angle of rotation of the specimen. Assuming small strain theory 
for axial strain,  
A(! ) = dL(! )L0
                                                 (2.2) 
where L(θ) is the gauge length of the specimen as a function of rotation and L0 is the 
initial gauge length of the specimen. The corresponding shear strain, γ, is,  
     ! = rL0
1" 12 A(# )
$
%&
'
()# .                                            (2.3) 
Raw torque and rotation data were collected from the experiment. For this 
analysis, the change in torque with the change in rotation (dM/dθ) in Equation (2.1) was 
calculated as the tangent slope of the torque-rotation curve, and the axial strain was 
monitored by the distance between the rheometer grips. Shear stress and shear strain 
were calculated using this raw data and Equations (2.1) and (2.3), respectively. 
 
2.2.3 Full Field Fluorescence Imaging 
Excitation and emission spectra of both PMMA-EGDMA and PMMA-PEG were 
obtained using a Photon Technology International QM-1 fluorimeter. For both polymer 
types, the excitation peak is centered at approximately 540 nm and the emission peak is 
centered at approximately 610 nm. Knowing the excitation and emission wavelengths, 
full field fluorescence (FFF) imaging was accomplished in situ during torsion testing. A 
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schematic diagram of the FFF setup is shown in Figure 2.2b. The sample was 
illuminated with a white pipe light that was filtered to allow only 400-550 nm light to pass 
(Figure 2.2a). A Basler CCD camera was positioned at 90° to the illumination source 
and a filter was used to collect only 600-1200 nm reflected light. Representative images 
obtained by FFF before and after testing are shown in Figure 2.2c. Polymer samples 
were fully bleached before testing and initial FFF images appeared black. As the SP 
opened to the MC form and subsequently fluoresced, the polymer gauge section 
became a vibrant red color in the FFF setup. FFF images were acquired simultaneously 
with torque-rotation data. 
 
2.2.4 Confocal Imaging 
Samples were imaged postmortem using a Leica DMIRE2 laser scanning confocal 
fluorescence microscope. After testing, samples were sectioned in the activated gauge 
section using a Buehler Isomet 1000 precision saw to create small cylinders with 
parallel faces. Planar images of the cylinder cross-section were obtained at a depth of 
500 µm below the cut surface to eliminate any fluorescence due to cutting. Specimens 
were simultaneously illuminated with wavelengths of 488 nm, 514 nm and 543 nm and 
fluorescence emission wavelengths of 590-640 nm were collected. Cross-sectional 
fluorescent images were analyzed using an image analysis program (Image J 1.42q). 
Sixteen line scans were taken from the center of the sample outward radially at angles 
between 0°	   and 360°. Line scans were averaged to obtain cross sectional intensity 
profiles. 
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2.3 Results and Discussion 
2.3.1 Stress-strain Response 
Constant strain rate tests in the rheometer produced a brilliant purple color in the 
gauge section of active samples, indicating activation of the SP mechanophore. To 
ensure that the transformation of SP to MC during torsion was due to mechanical force, 
control samples were tested under the same conditions. In great contrast to the active 
samples, both the monofunctional (6) and SP-free PMMA control samples exhibited no 
color change in the gauge section of the sample. Figure 2.3 shows representative 
optical images of active, monofunctional control and SP-free control samples before and 
after testing at each strain rate for PMMA-EGDMA. Although not shown, specimens with 
a primary crosslinker of PEG550 or PEG750 produced similar results. 
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Figure 2.3: Optical images of PMMA-EGDMA samples before (top) and after (bottom) torsional testing. 
Active samples display intense color change in the gauge section for all strain rates tested, while both 
control samples do not. 
 
Each polymer type was tested using a dynamic temperature ramp in the 
rheometer to find the room temperature shear storage modulus (G’) and the glass 
transition temperature (Tg). G’ was calculated as the average of the shear storage 
modulus between 25 °C and 30 °C. Tg was determined based on the temperature for 
which tan δ (G’/G”) reached a maximum. Table 2.1 summarizes the data for PMMA 
crosslinked with each primary crosslinker containing active (1), monofunctional control 
(6) and no SP. Increasing the	   length of the primary crosslinker from EGDMA (3) to 
PEG550 (4) to PEG750 (5) led to a reduction in both G’ and Tg. This reduction in G’ and 
Tg was anticipated since the average molar mass between crosslink points 
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increased[49, 50]. Adding active spiropyran (1) had a small effect on G’ and Tg, while 
incorporating monofunctional spiropyran (6) lowered Tg for all polymer types. 
 
Table 2.1. Shear storage modulus and glass transition temperatures for various polymer architectures 
containing either active (1), monofunctional control (3), or no SP. 
 
PMMA-EGDMA PMMA-PEG550 PMMA-PEG750 
Active 
SP 
Monofunctional 
SP 
No 
SP 
Active 
SP 
Monofunctional 
SP 
No 
SP 
Active 
SP 
Monofunctional 
SP 
No 
SP 
G’ (GPa) 1.5 1.7 1.4 1.4 1.0 1.4 1.1 0.8 1.3 
Tg (°C) 127 92 128 121 91 128 119 82 121 
 
Representative torque-rotation data at three different strain rates is shown in 
Figure 2.4a for active PMMA-EGDMA. The corresponding shear stress-shear strain 
curves (calculated using Equations (2.1) and (2.3)) are shown in Figure 2.4b. Similar 
strain rate trends were also observed for PMMA-PEG550 and PMMA-PEG750. As 
expected[51], the shear yield stress, defined as the first local maximum in the shear 
stress-shear strain curve, increased with increasing strain rate. 
 
 
Figure 2.4: Effect of strain rate on mechanical behavior of PMMA-EGDMA. a) Torque-rotation data as 
collected during a torsion test. b) Shear stress-shear strain calculated from the torque-rotation data using 
Equations (2.1) and (2.3). 
	   22 
Changes in polymer architecture due to the use of different primary and 
secondary crosslinkers also had a significant effect on the mechanical behavior of 
crosslinked PMMA specimens. Figure 2.5a summarizes the effect of primary crosslinker 
length on the mechanical behavior of crosslinked PMMA with active SP (1) at a single 
strain rate (10-3 sec-1). Increasing the length of the primary crosslinker from EGDMA (3) 
to PEG550 (4) to PEG750 (5) led to a repeatable reduction in shear yield stress. 
Comparable trends were observed at strain rates of 10-2 sec-1 and 10-4 sec-1. The shear 
stress-shear strain responses of PMMA-EGDMA with active (1), monofunctional control 
(6) and no SP are compared in Figure 2.5b. Incorporation of active SP (1) had little 
effect on the yield stress, while use of the monofunctional SP (6) led to a significant 
decrease in yield stress. Similar trends were also recorded for PMMA-PEG550 and 
PMMA-PEG750 containing the two types of SP. As summarized in Table 2.1, PMMA 
specimens synthesized with PEG550, PEG750 and monofunctional SP also had a 
reduced Tg. The observed decrease in yield stress for these polymers is consistent with 
previous studies of polymer yielding at elevated temperatures[52] or as Tg-T is 
decreased[53]. 
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Figure 2.5: Effect of polymer architecture on mechanical behavior. a) Shear stress-shear strain data at  
10-3 sec-1 for increasing crosslinker lengths. b) Shear stress-shear strain data for active PMMA-EGDMA 
and controls. 
 
2.3.2 Activation Analysis 
Threshold values of the stress and strain required for the onset of 
mechanochemical activation were obtained through analysis of the FFF images 
corresponding to discrete points along the stress-strain curves. For each image, 
intensity was averaged over the field of view and plotted as a function of strain as 
shown in Figure 2.6a. To consistently predict the onset of activation, the FFF intensity, 
!(" ) , is normalized to a maximum (photo-stationary MC form) and minimum (photo-
stationary SP form) sample intensity. This normalized intensity, ! , is defined and fit to a 
cumulative Weibull distribution function (Figure 2.6b) such that, 
 ! = !(" )# !(" = 0)
!max # !min
= 1# exp # "
$
%
&'
(
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,
-
.
/
0
                                       
  (1.4) 
where I(γ) is the intensity of an active sample at a given shear strain, I(γ=0) is the 
intensity of an active sample at zero shear strain, Imax and Imin are the maximum and 
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minimum intensities of a UV polymerized sample, respectively, γ is the shear strain, λ is 
the scale factor and k is the shape factor or Weibull modulus. Imax was determined by 
irradiating with UV light for the first three hours of polymerization to transform SP to the 
photo-stationary MC state. The sample was kept in the dark until polymerization was 
complete to prevent transformation of MC back to SP. The UV polymerized sample was 
then tested in torsion following the same procedure as active samples and the final FFF 
intensity was measured (Imax). Imin was determined by irradiating the sample with visible 
light to revert the open MC back to the closed SP form and recording the intensity (Imin).  
We defined activation as the point when statistically 1% of the SP were open, or when 
the normalization factor ( ! ) equals 0.01 (inset Figure 2.6b). Activation stress and 
activation strain were determined for each polymer and each strain rate at this activation 
point. 
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Figure 2.6: Analysis of FFF intensity and application of a cumulative Weibull distribution function. a) 
Shear stress-shear strain data correlated with normalized intensity of FFF images showing an increase in 
intensity with shear strain for an active sample of PMMA-EGDMA tested at 10-3 sec-1. b) From the same 
sample, normalization intensity, Ī(γ) as a function of shear strain fit to a cumulative Weibull distribution 
function. Inset is an enlarged view of the initial portion of the curve, showing the location of the defined 
activation point. 
 
The threshold shear stress for activation is shown in Figure 2.7 as a function of 
strain rate. Activation stress occurred post yield for all active polymers tested, indicating 
plastic flow	   was necessary for activation of SP bulk polymers. The need for large 
deformation is interesting and suggests the significance of molecular motion for 
activation. Activation stress also increased with increasing strain rate, which mirrored 
the effect of strain rate on yield stress (Figure 2.4b). Polymers with longer primary 
crosslinkers showed lower SP activation stress, suggesting enhanced load transfer to 
the SP mechanophore. However, increasing the crosslinker length from PEG550 to 
PEG750 resulted in no further reduction in activation stress. Activation strain values and 
standard deviations for each strain rate and each polymer type are summarized in Table 
2.2. For PMMA-EGDMA and PMMA-PEG550, activation strain was nearly constant 
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across all strain rates. However, PMMA-PEG750 showed some strain rate dependence 
of activation strain with statistical significance. 
 
 
Figure 2.7: Activation stress for each polymer type as a function of strain rate. Error bars reflect one 
standard deviation of the data. 
 
Table 2.2: Activation strain for each polymer type and strain rate. Error is calculated as one standard 
deviation from the average. 
Strain Rate PMMA-EGDMA PMMA-PEG550 PMMA-PEG750 
10-4 sec-1 45 ± 10% 46 ± 5% 45 ± 3% 
10-3 sec-1 46 ± 6% 45± 11% 67 ± 7% 
10-2 sec-1 48 ± 11% 57 ± 15% 77 ± 9% 
 
2.3.3 Confocal Imaging 
Postmortem sectioned samples were imaged to examine the spatial distribution 
of mechanically activated SP. Confocal images and corresponding intensity profiles of 
representative samples of PMMA-EGDMA are shown in Figure 2.8. The cross-sectional 
image of an active sample of PMMA-EGDMA (Figure 2.8a) reveals a radial gradient in 
the fluorescence intensity. The fluorescence indicates that activation is spatially non-
	   27 
uniform and largest near the surface. In contrast, the cross-sectional image of the 
PMMA-EGDMA monofunctional control sample (Figure 2.8c) shows virtually no 
fluorescence and no preferential gradient of fluorescence intensity across the section. 
The distribution of fluorescence intensity across the cross-section is plotted with 
the corresponding distribution of shear stress in Figures 2.8b and 2.8d. In the linear-
elastic region before yield, shear stress varies linearly with radial position according to: 
                                                            (2.5) 
where T is the torque during testing, x is the radial distance from the center of the 
specimen, and r is the radius of the specimen. Assuming an elastic, perfectly plastic 
response, the stress remains constant after reaching the yield point as an elastic-plastic 
interface develops and propagates towards the center of the sample. For each sample, 
the elastic-plastic interface can be located as the intersection of the shear yield stress 
and the shear stress variation according to Equation (2.5)[54]. For the active sample 
(Figure 2.8b) a plateau of intensity corresponds to the location of the elastic-plastic 
interface, while there is no correlation of intensity to the shear stress profile for the case 
of the monofunctional control sample (Figure 2.8d). The correlation of confocal images 
with shear stress profiles indicates that large scale mechanochemical activation in these 
crosslinked polymers is associated with plastic flow. 
 
3
2 T xτ  
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Figure 2.8: Correlation of cross-sectional confocal fluorescence intensity with the location of the elastic-
plastic interface. a) Cross-sectional confocal fluorescent image of active PMMA-EGDMA b) Cross-
sectional shear stress profile and intensity map for sample in (a), c) Cross-sectional confocal fluorescent 
image of monofunctional control PMMA-EGDMA d) Cross-sectional shear stress profile and intensity map 
for sample in (c). 
 
2.4 Conclusions 
Mechanophore-crosslinked PMMA was successfully molded into cylindrical 
samples with a thin gauge section for torsion testing. Shear loading of active specimens 
resulted in a brilliant purple color change in the gauge section. In situ images were 
collected throughout testing using a full field fluorescence method. Analysis of the full 
field fluorescence images enabled measurement of the threshold stress and strain 
values required for mechanochemical activation as a function of strain rate and different 
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polymer architectures. Activation of all polymer architectures, at all strain rates, 
occurred after yield of the bulk polymer. 
Activation stress increased with increasing strain rate and we infer that the 
activation stress can be tailored by changing the yield stress of the bulk polymer. The 
activation strain was nearly constant for PMMA–EGDMA and PMMA–PEG550, but 
increased slightly	  with increasing strain rate for PMMA–PEG750. 
Control specimens synthesized with monofunctional SP or no SP confirmed that 
the conversion of SP to MC was caused by mechanical force and not another factor 
such as heat or UV light. Confocal imaging revealed strong correlation of cross-
sectional fluorescence intensity and location of the elastic–plastic interface. These 
results lend further evidence that activation of spiropyran occurs by mechanical 
transduction after yielding and upon large scale plastic flow. 
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CHAPTER 3 
TIME-DEPENDENT MECHANOCHEMICAL RESPONSE OF SP-
CROSSLINKED PMMA 
 
3.1 Introduction 
Polymer architecture, mobility, chain orientation, and external loading conditions 
significantly influence mechanochemical activity in bulk polymers. In this chapter, time-
dependent mechanochemical activation of spiropyran (SP) mechanophores in 
crosslinked PMMA under creep loading is examined. In contrast to monotonic torsion 
(constant strain rate) results discussed in Chapter 2, the desired force-induced 
electrocyclic ring-opening of SP to the fluorescent merocyanine (MC) form is achieved 
at creep stress levels less than the yield stress of the bulk polymer. Lower values of 
stress require longer time but much smaller strains for initiation of activation. 
Additionally, the first measureable detection of the reaction corresponds closely to the 
maximum creep strain rate, revealing mechanophore activation occurs near the onset of 
strain hardening, when polymer mobility is highest. The strong correlation between 
mechanical activation of the spiropyran and the rate of deformation suggests the 
potential for SP mechanophores as molecular probes of polymer relaxation and flow. 
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3.2 Experimental Procedures 
3.2.1 Materials 
Poly(methyl methacrylate) (PMMA) crosslinked with co-crosslinkers of ethylene 
glycol dimethacrylate (EGDMA) (3) and spiropyran (SP) (1) was synthesized by free-
radical polymerization initiated with benzoyl peroxide and dimethylaniline at room 
temperature. Polymerizations were performed according to Section 2.2.1, and the total 
crosslink density was kept constant at 1 mol%, (0.018 mol% SP, 0.982 mol% EGDMA). 
The architecture of the crosslinked PMMA is shown in Figure 3.1. 
Torsion samples were polymerized in pre-shaped syringe molds for 24 hours 
immersed in a water bath to reduce the effect of exothermic reactions during 
polymerization. The resulting cylindrical samples had a gauge section of 10 mm in 
length and 2 mm in diameter. 
Control samples were synthesized with difunctional SP (4)[37], as shown in 
Figure 3.1. The polymer attachment points at the 5’ and 8 positions in the difunctional 
SP molecule precluded force transfer across the reactive C-O spiro-bond. Although the 
mechanical pathway was eliminated, conversion of SP to MC after exposure to UV light 
or heat was confirmed by visible color change in all control specimens. 
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Figure 3.1: Schematic of SP mechanophore as a co-crosslinker in PMMA. 
 
3.2.2 Torsional Creep 
Torsional creep experiments were conducted with a TA Instrument’s AR-G2 
rheometer and custom torsion grips. Samples were subject to a constant strain rate of 
10-3 sec-1 until a desired torque level was achieved. Torque was held constant and 
rotational response was monitored as a function of time. Representative torque profiles 
are shown in Figure 3.2a. Torque levels studied corresponded to shear stress levels 
both before and after the polymer yield stress.  
Shear strain ( ) was calculated from rotation data accounting for large 
deformation following Wu et al.[48], 
!
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,
                                                  (3.1) 
where  is the initial sample radius,  is the rotation in radians, and  is the axial 
strain induced in the gauge section during torsion. The creep stress, , on the torsion 
sample at the beginning of the applied torque ( ) hold step is given by [48],  
          .                           
(3.2) 
 
3.2.3 Full Field Fluorescence Imaging 
Prior to testing, all samples were exposed to intense white light for 24 hours to 
drive the mechanophores to the photo-stationary closed SP state. During torsional 
creep, full field fluorescence (FFF) images were collected following the method 
described in Section 2.2.3. The torsion sample was illuminated by 400-550 nm light and 
a Basler CCD camera was positioned at 90° to the illumination source to collect 600-
1200 nm light. To minimize photobleaching of the MC during the long testing times of 
torsional creep experiments, a mechanical shutter was placed in front of the illumination 
source and opened at discrete time intervals to permit imaging. LabView software was 
used to simultaneously control the shutter and collect images on a computer. 
 
3.2.4 Fluorescence Data Analysis 
Fluorescence data were analyzed using the method described in Section 2.3.2. A 
normalized intensity (Ī) was calculated according to, 
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,               
                                     (3.3) 
where I(γ) is the intensity of a particular sample at a given shear strain, I(γ=0) is the 
intensity of the sample at zero shear strain and Imax and Imin are the maximum (photo-
stationary MC form) and minimum (photo-stationary SP form) intensities of a UV 
polymerized, and subsequently photobleached, sample. The normalized intensity (Ī) 
was fit to a cumulative Weibull curve and the onset of activation was defined when the 
normalized intensity increased by 1% from the initial value (Ī=0.01). This value was 
used to determine the corresponding activation strain and time to activation for each 
creep stress level. 
 
3.3 Results and Discussion 
Simultaneous measurements of creep strain and normalized fluorescence 
intensity were collected at different stress levels. Representative data are plotted as a 
function of time in Figure 3.2b. Below a creep stress of approximately 16 MPa very little 
shear strain accumulated, and no detectable fluorescence was observed. In contrast 
with higher creep stress levels, these samples showed no visual color change. Control 
samples containing either difunctional SP (4) or no SP showed minimal changes in 
fluorescence intensity (Figure 3.3) and no visible color change. 
 
I = 
I !( )!  I(! = 0)
Imax  ! Imin
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Figure 3.2: Rheometer input conditions and corresponding creep and fluorescence data. a) 
Representative input torque profiles. b) Representative evolution of shear strain and normalized intensity 
as a function of time for various creep stress levels. 
 
 
Figure 3.3: Evolution of shear strain and normalized intensity as a function of time for samples containing 
difunctional SP (4) or no SP. 
 
Analysis of the onset of activation based on fluorescence intensity described in 
Section 3.2.4 reveals a decrease in the time to activation (Figure 3.4a) and an increase 
in the corresponding strain value (Figure 3.4b) with increasing levels of creep stress. 
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During torsional creep at lower applied stress levels, the creep rate is slow and the 
polymer accumulates a minimal amount of shear strain during the long time period 
required for mechanochemical activation. At higher stress levels, the creep rate is much 
faster and during the short time interval required for activation, the polymer is able to 
undergo larger deformation. 
 
 
Figure 3.4: Summary of activation data during creep. a) Time to activation and b) activation strain (as 
defined when Ī = 0.01) as a function of creep stress level. 
 
Mechanochemical activation was further examined as a function of creep rate 
(dγ/dt). Figure 3.5 shows the evolution of fluorescence intensity and creep rate for a 
stress level of 22.5 MPa. The vertical dashed line in Figure 3.5 indicates the activation 
point determined previously (Ī   = 0.01). The onset of activation determined from the 
optical FFF method coincides with a maximum in the creep rate determined solely from 
the rheometric torque-rotation data. Figure 3.6 more clearly reveals the one-to-one 
relationship between the time to activation and the time at which the maximum creep 
rate occurs for all creep stress levels studied. The peak in the creep rate is associated 
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with the onset of strain hardening[55]. Moreover, the physical mechanisms associated 
with strain hardening in polymer glasses are closely related to plastic flow[56]. Hence, 
mechanochemical activation in a mechanophore-crosslinked polymer is correlated with 
macroscopic strain hardening and plastic flow. This result is consistent with monotonic 
torsion investigations from Chapter 2, which showed the polymer must be loaded 
beyond the yield stress and plastic deformation must be induced to initiate activation. 
  
 
Figure 3.5: Representative creep rate and normalized intensity as a function of time at a creep stress of 
22.5 MPa. Activation occurs at the maximum creep rate as indicated by the dashed line. 
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Figure 3.6: The correlation of the time to activation as determined optically from full field fluorescence 
imaging to the time of maximum creep rate as determined from rheometric torque-rotation data. A slope 
of 1 shown by the dashed line indicates mechanophore activation occurs as the polymer undergoes a 
maximum creep rate, or when strain hardening is initiated. 
 
The relationship between mechanochemical activation of SP from previous 
monotonic torsion results in Chapter 2 and torsional creep in this chapter is shown in 
Figure 3.7. For both loading cases, the time required for activation decreases as the 
maximum strain rate increases. In response to high strain rates, the forces imparted to 
the mechanophore through polymer chains are higher, allowing mechanophore 
activation to occur quickly. In contrast, at low strain rates the force applied to the SP 
molecule is lower, and longer times are required to initiation activation. Similar to prior 
experimental[57-61], numerical[62], and theoretical[51] results which report a strong 
correlation between molecular mobility and strain rate, the activation of SP in 
crosslinked PMMA requires stress-induced mobility, as implied in Figure 3.7. 
 
	   39 
 
Figure 3.7: Time to activation as a function of the maximum strain rate during torsion. Torsional creep and 
monotonic torsion (from Chapter 2) show the same trend. 
 
 Figure 3.7 reveals a power law relationship between the time required for 
activation and the rate of deformation of the mechanochemically active polymer, 
 
t = A !
i"
#
$
%
n
                                                    (3.4) 
where t is the time to activation of SP,  !i is the shear strain rate, and A and n are fitting 
parameters. A best fit of the data collected for both monotonic torsion and torsional 
creep gives the fitting parameters of A and n as 0.06 and -0.73, respectively. This 
relationship may help predict mechanochemical response at strain rates beyond the 
scope of this work. At fast rates of deformation, this model predicts that SP activation 
will occur at very short times, nearly instantaneously. Activation of SP at these rates will 
be in competition with fracture of the bulk polymer, and experimental procedures to 
	   40 
induce and methods to detect the mechanochemical response could provide 
complementary results to the studies of monotonic torsion and torsional creep. 
 
3.4 Conclusions 
A full field fluorescence method was adapted to successfully characterize the 
mechanochemical activation of SP in crosslinked PMMA during torsional creep 
deformation. In contrast to monotonic studies described in Chapter 2, mechanical 
activation of SP was achieved at stress levels below the monotonic polymer yield 
stress. As the creep stress level was increased, the time required for the onset of 
activation decreased, but the corresponding strain value at activation increased. 
Additionally, the onset of the activation correlated to a maximum in the creep strain rate 
for each stress level tested, suggesting that mechanochemical activity is favored when 
strain hardening is initiated in the polymer. This data further confirms the need for large-
scale polymer deformation, the onset of flow, and stress-induced mobility to achieve 
mechanochemical activation of SP as observed in Chapter 2. Moreover, the SP 
mechanophore also has the potential to serve as a molecular probe of polymer 
deformation mechanisms. 
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CHAPTER 4 
LOCALIZATION OF SPIROPYRAN ACTIVATION 
 
4.1 Introduction 
The strategy to elicit mechanochemical response to polymeric materials through 
the use of a force-sensitive mechanophore has evolved from mechanophore design to 
ultrasound-induced activation in solution to activation in bulk polymers by deformation. 
A spiropyran (SP) mechanophore has been incorporated into several bulk polymers with 
varied architectures and the SP to merocyanine (MC) transformation has been studied 
under diverse loading conditions[37, 43, 44, 46]. Results from these experiments show 
the mechanochemical response of SP is inherently tied to the polymer mechanical 
response, with factors such as bulk environmental conditions, polymer architecture, 
polymer chain orientation, local mechanophore environment, and polymer time-
dependence influencing SP activation. 
The behavior of SP has been studied and functionally employed at a variety of 
interfaces. Functionalization of SP to the surface of fused silica has been utilized to 
probe photocoloration, photobleaching and thermal fading reactions of SP through the 
use of Brewster angle microscopy[63]. The thermo- and photo- transformations of SP 
absorbed on a silver film have also been studied by Raman scattering spectroscopy[64]. 
Surface potential and optical absorption measurement techniques were used to study 
the photochromic reactions of a SP monolayer at the interface between air and 
water[65]. Rosario et al.[66] demonstrated microfluidic actuation of water in a glass 
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capillary functionalized with SP, utilizing light induced changes to alter the wettability of 
the glass surface. SP containing polymer brushes were grafted onto glass surfaces and 
reversible contact angle changes up to 70° were observed by metal ion 
complexation[67]. The effect of substrate material on the photo-switchable wettability of 
SP surface coatings was studied by Kessler et al.[68]. Doron et al.[69] functionalized 
gold electrodes with an assembled monolayer of SP, demonstrating the capability of the 
photo-, thermo-, and pH- stimulated interface to control electrooxidation[69]. 
In this work, SP is functionalized on the interface between a glass fiber and a 
polymer matrix. A single fiber microbond test protocol[70-72], shown schematically in 
Figure 4.1a, is adopted to impart force to the functionalized fiber. A schematic of a 
typical load displacement curve for single fiber microbond testing is shown in Figure 
4.1b. A tensile force is applied to the fiber, subjecting the mechanophore-functionalized 
interface to highly localized shear forces. As shown schematically in Figure 4.2, the 
interfacial shear stress developed along the embedded length of the fiber reaches a 
maximum near the edge of the fiber. 
Transformation of SP to MC is monitored by fluorescence spectroscopy. 
Evidence of mechanical activation of SP is provided by an increasing fluorescence 
signal centered near 625 nm. Due to localization, the mechanical activation of SP 
occurs at a much lower applied average shear stress than was reported for bulk SP-
crosslinked PMMA. Interfacial functionalization provides a promising method for 
efficient, localized activation of mechanochemical reactions. 
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Figure 4.1: Single fiber microbond test protocol schematic for a) microbond sample and loading direction  
and b) typical load-displacement curve. Reproduced from [72]. 
 
 
Figure 4.2: Local shear stress field developed along the fiber using a force balance approach[73]. 
 
4.2 Experimental Procedures 
4.2.1 Interfacial Functionalization of Spiropyran 
An interfacial SP molecule (1) capable of covalent bonding across a glass fiber-
polymer matrix interface was synthesized with a carboxylic acid functionality at the 5’ 
position and an acrylate functionality at the 8 position (Figure 4.3a)[74]. A 
monofunctional SP molecule (2) was also created (Figure 4.3b) with functionality to 
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covalently bond to the fiber surface, but contained no functionality to covalently bond to 
the polymer matrix. SP ((1) or (2)) was dissolved in tetrahydrofuran (THF) with an 
activating agent, ethylcarbodiimide hydrochloride (EDC). E-glass fibers, 16 µm in 
diameter (Owens Corning 158B-AA-675) with a proprietary aminopropylsilane (APS) 
sizing were functionalized with the interfacial SP by stirring in the solution for 72 hours, 
allowing sufficient time for the carboxylic acid and APS to form an amide bond, 
covalently attaching the SP to the fiber surface. Fibers were removed from the solution, 
rinsed with water and THF, soaked in THF for 4 hours, and rinsed again with THF and 
water to wash away SP not covalently bound to the fiber surface. Fibers were dried in a 
35°C oven for 12 hours to remove remaining solvent. 
Synthesis of the linear PMMA matrix was performed via a free radical 
polymerization using benzoyl peroxide (BPO) as the radical source and N,N-
dimethylaniline (DMA) as the activator as described in Section 2.2.1. Methyl 
methacrylate (MMA) (1 mL, 9.39 mmol, 1 equiv.) and BPO (15 mg, 0.0619 mmol, 
0.00662 equiv.) were combined in a scintillation vial, flushed with argon, and sealed with 
a septum. Ethyl phenylacetate (EPA) (0.4 mL, 2.51 mmol, 0.267 equiv.) was added to 
the solution to lengthen the working time during polymerization. Once the BPO was fully 
dissolved, DMA (6 µL, 0.0473 mmol, 0.00506 equiv.) was injected into the scintillation 
vial.  
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Figure 4.3: Interfacial SP molecules. a) Interfacial SP (1) with carboxylic acid at the 5’ position for fiber 
attachment and an acrylate at the 8 position for PMMA attachment. b) Monofunctional SP (2) contains 
carboxylic acid at the 5’ position for fiber attachment, but no functionality for polymer attachment. 
 
4.2.2 Preparation of Single Fiber Microbond Specimens 
Microbond specimens were fabricated following the method of Blaiszik et al.[70] 
and a side-view schematic is shown in Figure 4.4. A SP functionalized glass fiber was 
placed on top of parallel non-functionalized support fibers resting on an acrylic 
substrate. The MMA solution was allowed to pre-polymerize for 3 hours to increase 
viscosity. A small drop of solution was then deposited on the functionalized fiber in an 
argon environment (Vacuum Atmospheres Company MO-20 glove box). A small glass 
cover slip (≅5x5x1 mm) was placed on the monomer droplet to create a flat specimen 
surface. Samples were allowed to polymerize for 8 hours in the argon environment and 
were then held at 40°C under vacuum for 8 hours to remove remaining EPA. Paper tabs 
were adhered to the functionalized fiber to facilitate gripping during interfacial loading. 
Several types of samples were produced by varying the possible attachment 
points of the interfacial SP molecule, and are summarized in Table 4.1. Type 1 samples 
were prepared with the interfacial SP molecule (1) and a PMMA polymer matrix. By 
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applying the MMA solution before full polymerization, the acrylate functional group at 
the 8 position of the interfacial SP molecule (1) should covalently bond to the polymer at 
the fiber-polymer interface. Type 2 samples were created with the interfacial SP 
molecule (1) and an epoxy matrix, allowing for covalent bonding of SP to the fiber 
surface, but eliminating covalent linking to the polymer matrix. Type 3 samples were 
produced with glass fibers functionalized according to Section 4.2.1, but lacked the 
activating agent EDC during functionalization. In this case, the interfacial SP molecule 
(1) should attach to the fiber surface by only electrostatic forces. The SP molecules 
remaining on the surface by electrostatic forces after the rinsing procedure can however 
covalently attach to the PMMA matrix. Type 4 samples were prepared with 
unfunctionalized glass fibers and PMMA matrix, and contained no SP. Glass fibers 
functionalized with monofunctional SP (2) using the procedure in Section 4.2.1 were 
used for Type 5 samples. The monofunctional SP molecule (2) is capable of covalently 
attaching to the fiber surface, but without the acrylate functionality at the 8 position, can 
not covalently attach to the PMMA matrix. 
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Figure 4.4: Side-view schematic of an active single fiber microbond specimen.  
 
Table 4.1: Types of samples and corresponding SP molecule with available covalent attachment sites. 
 
Sample Type Fiber functionalization 
Polymer 
matrix 
SP molecule 
attachment 
Type 1 Interfacial SP (1) PMMA fiber & polymer matrix 
Type 2 Interfacial SP (1) epoxy fiber 
Type 3 Interfacial SP (1) PMMA polymer matrix 
Type 4 None PMMA n/a 
Type 5 Monofunctional SP (2) PMMA fiber 
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4.2.3 Interfacial Testing and in situ Fluorescence Spectroscopy 
The functionalized fiber was loaded in tension at 0.5 µμm/sec with a Physik 
Instrument M-230.10S linear actuator until interfacial debond was achieved. Load was 
monitored using a Honeywell Sensotec (150 g) load cell. Load and displacement were 
collected and correlated using a LabView program. During interfacial testing, the load 
increased until complete interfacial debond, at which point the load dropped quickly 
before plateauing to a frictional load value (Figure 4.1b). Crosshead displacement was 
determined directly from the linear actuator. The average interfacial shear stress, IFSS, 
was calculated as 
IFSS = P
! "d " le
                                                  (4.1) 
where  is the measured load,  is the fiber diameter, and  is the embedded length 
of fiber in the polymer matrix as measured optically before testing[70, 71, 75, 76]. 
However, as discussed in Section 4.1, the local shear stress near the edge of the 
specimen is significantly higher, leading to localized plastic deformation of the PMMA 
matrix just near the interface. 
 In situ fluorescence spectra were collected during interfacial loading using a 
Horiba LabRAM HR Raman spectroscopy imaging system. An excitation beam of 532 
nm was incident upon the sample, focused on the surface of the fiber embedded in the 
polymer matrix. Wavelengths of 550-750 nm were collected at regular intervals during 
interfacial loading and a shutter was used to block the excitation laser between spectra 
collection to minimize the effects of photobleaching. Figure 4.5 shows an image of a 
single fiber microbond specimen in the custom load frame on the stage of the Raman 
spectroscope. 
P d le
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The fluorescence emission peak of the mechanically activated MC is broad and 
centered near 625 nm (Appendix B). As such, the activation intensity (Iact) was defined 
as  
Iact =
I 620 ! 630nm( )
I 620 ! 630nm( )t=0
                                              (4.2) 
where I(620-­‐630nm) is the average intensity between 620-630 nm and I(620-­‐330  nm)t=0 is the average intensity between 620-630 nm of the initial spectra taken after 
bleaching and before deformation. 
 
 
Figure 4.5: Single fiber microbond specimen in custom fixture under Raman spectroscope. 
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4.3 Results and Discussion 
4.3.1 Single Fiber Spiropyran Functionalization 
Fiber functionalization was confirmed through fluorescence spectra of fibers with 
varied functionalization prior to polymer matrix application. Fibers were placed in dark 
conditions for a minimum of 15 minutes to allow SP to reach a photostationary 
equilibrium with the MC form[66] prior to collecting fluorescence spectra. Spectra were 
collected (Figure 4.6) from fibers used to prepare each sample type in Table 4.1. Fibers 
with a covalently bound interfacial SP molecule (1) in type 1 and type 2 samples emit a 
broad fluorescence peak centered near 600 nm, consistent with fluorescence spectra of 
SP molecules bound to glass substrates collected by Rosario et al.[66] Fibers used for 
type 3 samples with the interfacial SP molecule (1) only able to attach to the surface by 
electrostatic forces exhibit a lower intensity than type 1 and type 2 fibers, indicating that 
more interfacial SP (1) adheres to the fiber surface when covalently bonded. Fibers 
containing no SP (type 4) have very little fluorescence signal, as expected. Fibers with 
covalently bound monofunctional SP (2) used for type 5 samples show a very strong 
fluorescence signal which is characteristically different than that of type 1 or type 2 
fibers, showing double peaks centered near 580 nm and 625 nm. The shifted peak of 
the monofunctional SP molecule (2) fluorescence spectra to lower wavelengths is 
indicative of H-aggregate formation[77], an orderly plane-to-plane stacking of the SP 
molecules. 
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Figure 4.6: Fluorescence spectra of functionalized fibers used to make each sample type. 
 
4.3.2 Interfacial Activation of Spiropyran 
Each sample type in Table 4.1 was tested while simultaneously collecting load, 
displacement and fluorescence spectra. Interfacial shear stress is correlated with 
activation intensity, Iact, as calculated from Equation 4.2, and representative behavior of 
each sample type is shown in Figure 4.7. For each sample type, the average interfacial 
shear stress increases linearly until dropping suddenly at full interfacial debonding. 
Sample type 1 (Figure 4.7a) exhibits a large increase of activation intensity at the peak 
stress level, just before full interfacial debonding.  Type 2 samples, where the interfacial 
SP molecule (1) is only covalently bound to the fiber surface, show a very small 
increase in activation intensity due to interfacial testing (Figure 4.7b). Figure 4.7c 
contains representative behavior of sample type 3, with interfacial SP (1) covalently 
bound to only the polymer matrix. Again, only a slight increase in activation intensity is 
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measured during interfacial debonding. Sample type 4, containing no SP, also produces 
a small amount of fluorescence intensity during interfacial testing (Figure 4.7d). We 
hypothesize that this small increase is associated with refraction due to interfacial 
damage during the debonding process. Finally, sample type 5, containing 
monofunctional SP (2), exhibits significantly larger activation intensity during interfacial 
debonding (Figure 4.7e) than sample types 1-4. The large increase of activation 
intensity during interfacial debonding of sample types 1 and 5 indicates successful 
transformation of SP to the open, fluorescent MC form. 
The average activation intensity after full interfacial debond is compared for each 
sample type in Figure 4.8. The fluorescence increase during interfacial testing of type 1 
is statistically higher than type 2, type 3 or type 4, suggesting that covalent attachment 
of the interfacial SP molecule (1) to both the fiber surface and the polymer matrix is 
required to achieve significant activation of SP at the fiber-polymer matrix interface. 
Although local shear stress may reach high levels as discussed in Section 4.1, the 
applied average shear stress to induce mechanochemical reactivity of an interfacial SP 
molecule (1) is significantly lower than was required for activation of bulk SP-crosslinked 
PMMA in torsion (Section 2.3.2). 
The large fluorescence increase after interfacial debonding of type 5 samples 
containing a monofunctional SP molecule (2) may be attributed to aggregate formation. 
The formation of monofunctional SP (2) H-aggregates on the fiber surface is evidenced 
by the shifted fluorescence spectra shown in Figure 4.6. Aggregation gives rise to 
stacking of the SP molecule as shown schematically in Figure 4.9, suggesting 
monofunctional SP (2) alignment on the surface of the fiber[78]. To confirm such 
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alignment, a fluorescence polarization technique developed by Beiermann et al.[44] for 
measurement of SP mechanophore alignment was adapted to the Raman spectrometer 
by placing a polarizer and analyzer in the path of the excitation and emission beam, 
respectively. As described by Beiermann[44], an order parameter, S, designates the 
degree of SP orientation and is calculated as 
 
S = I! ! I"( )I! + 2I"( )                                                           (4.3) 
where  I!  and I! are the total fluorescence intensity collected with the analyzer parallel 
and perpendicular to the loading direction, respectively. The order parameter in this 
study varies between 0 (random SP orientation) and 1 (perfect SP orientation). 
Orientation of the interfacial SP was measured before and after interfacial testing 
for a sample type 1 containing the interfacial SP molecule (1) and for a sample type 5 
containing the monofunctional SP molecule (2) and is shown in Table 4.2. In a type 1 
sample, the interfacial SP molecule (1) exhibited virtually no alignment before interfacial 
testing, but had a significantly higher orientation with the direction of loading after 
interfacial debonding. Alignment and mechanochemical activation of the interfacial SP 
molecule (1) during interfacial testing of type 1 samples was consistent with previous 
studies suggesting mechanophore orientation promotes activation[44]. The 
monofunctional SP molecule (2) in a type 5 sample had relatively high orientation before 
interfacial testing, again indicating the presence of H-aggregates. After interfacial 
testing, the monofunctional SP molecule (2) retained a high degree of orientation. 
A switching mechanism is proposed as the source for the large increase of 
activation intensity in type 5 samples. A similar alignment and fluorescence spectra of 
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monofunctional SP (2) on the fiber surface before and after interfacial debonding 
suggests H-aggregates remain intact during interfacial debonding. Upon the application 
of interfacial shear stress to this molecule, the transformation of SP to MC may occur 
simultaneously for a large number of molecules to maintain the aggregate structure, 
leading to a much larger number of MC molecules and consequently a higher 
fluorescence signal than if the aggregate structure is not present.  
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Figure 4.7: Representative IFSS and activation intensity (Iact) as a function of displacement for each 
sample type. 
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Figure 4.8: Average activation intensity after interfacial debonding for each sample type. Error bars reflect 
one standard deviation of the data. 
 
 
Figure 4.9: Schematic representation of spiropyran alignment in aggregate formation. Reproduced from 
[78]. 
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Table 4.2: Order parameter as calculated by Equation 4.3 for sample types 1 and 5 before and after 
interfacial testing. 
Sample Type Interfacial SP molecule 
Order Parameter, S  
Before interfacial 
testing 
After interfacial 
debonding 
Type 1 Interfacial SP (1) 0.047 0.242 
Type 5 Monofunctional SP (2) 0.239 0.237 
 
4.4 Conclusions 
A SP mechanophore was successfully attached to the surface of a commercial 
E-glass fiber. Confirmation of the presence of SP on the fiber surface was provided by 
fluorescence spectra collected with a Horiba LabRAM HR Raman spectroscopy imaging 
system. Single fiber microbond specimens were prepared with fibers of varied 
functionality and different polymer matrices, allowing for control of the SP covalent 
attachment sites. Load was applied to the functionalized fiber to induce interfacial 
debonding and the calculated interfacial shear stress was correlated to in situ 
fluorescence spectra. The mechanical activation of the interfacial SP molecule was 
observed as an increasing fluorescence peak centered near 625 nm. Higher activation 
intensity was measured for samples with SP linked covalently to both the fiber surface 
and polymer matrix than for samples with SP linked to either the fiber or the polymer 
matrix, implying the need for covalent linking across the SP molecule to achieve 
appreciable mechanochemical activation. Additionally, a large activation intensity of 
samples containing a monofunctional SP was observed and characteristic fluorescence 
spectra combined with orientation measurements suggest an aggregate switching 
mechanism for activation. Contrasting previous studies for bulk polymers, SP activation 
was detected at very low levels of applied shear stress. By linking SP at the glass-
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polymer interface and transferring load directly to the interface, a more efficient 
mechanism for eliciting SP response was achieved. 
  
	   59 
CHAPTER 5 
SUMMARY AND FUTURE WORK 
 
5.1 Summary 
A test protocol was established to quantify the activation of a SP mechanophore 
in SP-crosslinked PMMA. Using a rheometer, strain rate was easily controlled and 
lightly crosslinked PMMA cylindrical samples underwent large deformation before 
failure. A full field fluorescence imaging technique was developed to monitor the 
fluorescence of torsion samples in situ. Statistical analysis methods were used to define 
an activation point of the mechanophore. 
During constant strain rate testing, the activation stress increased with increasing 
strain rate, similar to polymer yielding behavior. Polymer architecture was altered by 
lengthening the co-crosslinker while keeping the SP crosslinker constant. Increasing the 
co-crosslinker length decreased the activation stress, again following trends in the 
polymer yield stress. Activation strain was ~45% across all strain rates for the shortest 
co-crosslinker, and became more strain rate dependent as the co-crosslinker length 
was increased. 
The time-dependence of spiropyran activation was studied by combining imaging 
techniques developed in this dissertation with torsional creep of SP-crosslinked PMMA. 
SP-crosslinked PMMA cylindrical samples were subject to constant strain rate torsion 
until the desired shear stress level was reached, and torque was then held to allow 
substantial deformation by torsional creep. The creep stress levels studied 
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encompassed values both before and after polymer yield. Creep strain was monitored 
and correlated to full field fluorescence images. With increasing creep stress levels, the 
time to activation decreased. While shorter times were required for activation at higher 
stress levels, the creep rate was higher and the accumulated strain was also larger, 
leading to an increased activation strain with higher stress levels. The activation of SP 
as measured by optical methods corresponded closely to a peak in the creep rate 
measured by mechanical methods. This relationship indicated that SP activation was 
initiated at the onset of strain hardening. Furthermore, the time to activation and the 
maximum deformation rate was well correlated for both torsional creep and monotonic 
torsion experiments. 
Mechanophore activation was localized by functionalization of SP on the 
interface between a glass fiber and a polymer matrix. A single fiber microbond testing 
protocol was adapted to apply load to the functionalized fiber. In situ fluorescence 
spectra were collected to monitor the force-induced activation of SP. Interfacial 
activation of SP was detected at low levels of applied shear stress compared to those 
required for bulk SP-crosslinked polymers, signifying a more efficient mechanism for 
eliciting SP response. 
 
5.2 Future Work 
 Productive mechanochemistry in synthetic materials has many potential areas to 
be explored. Through the development of mechanoresponsive materials, fundamental 
understanding of the activation of a mechanophore in various environments can be 
advanced, utilization of a mechanophore as a deformation probe can be realized, and 
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applications of mechanophore-linked polymers that deliver a useful response to force 
which would otherwise cause damage can be demonstrated. 
 The understanding of mechanophore activation in varied polymers, 
environments, architectures, and loading conditions remains a topic of interest. Work in 
this group has focused on the activation characteristics of a spiropyran due to the ease 
of incorporation into polymers and the detectability of the mechanically induced SP to 
MC transformation. Continuation of studies utilizing spiropyran as a model 
mechanophore will be used in the development, polymer incorporation and activation of 
new mechanophores. 
 Recently, Losego et al.[79] utilized laser spallation experiments to correlate the 
interfacial bonding characteristics of a self-assembled monolayer (SAM) to the heat 
transport properties of the interface. Expanding on the initial demonstration of interfacial 
SP activation in this dissertation, laser spallation experiments could provide a more in-
depth method of studying SP as an interfacial molecule. Advantages of laser spallation 
include the ability to apply strain rates significantly higher than other experimental 
methods and the capability of accurately applying and measuring a known stress 
impulse. Coupling fluorescence imaging with spallation experiments could reveal an 
accurate threshold stress required for activation at an interface and provide a direct 
route to study the activation of SP when decoupled from a polymer matrix. 
To date, a library of mechanophores with varied response to mechanical force 
have been developed by several groups. Incorporation of upcoming mechanophores 
into bulk polymeric materials will be one of the next challenges associated with the 
development of mechanoresponsive materials employing the mechanophore-polymer 
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motif. Moving beyond mechanophores that indicate mechanochemical reactions to acid-
generating[32] and bond-forming[28, 31, 34] mechanophores will provide 
mechanoresponsive polymers with the ability for catalysis and self-mending. 
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APPENDIX A 
MECHANICAL PROPERTIES OF SPIROPYRAN 
CROSSLINKED-PMMA 
 
 Properties of SP-crosslinked PMMA were determined in monotonic torsion as 
well as dynamic shear. The polymer types compared contained no spiropyran, a 
spiropyran crosslinker, a monofunctional control spiropyran, or a difunctional control 
spiropyran. Crosslink density was held constant for each polymer type at 1 mol%. After 
synthesis as described in Section 2.2.1, samples were conditioned in an environmental 
chamber at 23 °C and 50% relative humidity for at least 40 hours according to ASTM 
D618[80]. 
 Immediately after removing from the environmental chamber, samples were 
tested in torsion at 10-3 sec-1 and analyzed according to procedures described in 
Section 2.2.2. Representative shear stress-shear strain profiles are shown for each 
polymer type in Figure A.1a. Shear modulus was taken as the slope of the initial linear 
portion of the shear stress-shear strain profile. As indicated in Figure A.1b, yield stress 
and yield strain were determined at the peak shear stress after initial linear loading. 
Hardening modulus was calculated from the slope of the shear stress-shear strain 
profile over a range of strain from 0.5 to failure. Values of shear modulus, yield stress, 
yield strain, and hardening modulus for each polymer type are shown in Figure A.2. 
 The trend for each measured parameter in Figure A.2 is similar. Samples 
containing active SP have the highest average shear modulus, yield stress, yield strain 
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and hardening modulus. Samples containing no SP or difunctional control SP have 
similar values for each parameter, and are slightly lower than those of samples with 
active SP. As discussed in 2.2.1 and 2.3.1, a small amount of solvent is added to 
samples containing monofunctional control SP to ensure complete dissolution of the 
monofunctional control SP before polymerization. The addition of a solvent to this 
sample type allows for samples to become plasticized and leads to the reduction of the 
yield stress, yield strain, shear modulus, and hardening modulus. 
 Dynamic temperature ramps were performed on each polymer type to determine 
dynamic properties. Using a TA Instruments AR-G2 rheometer, temperature was 
ramped from 25-150 °C with a constant strain of 0.1% and frequency of 1 Hz. Shear 
storage modulus, G’, was taken as an average of the shear storage modulus from 25-
30°C. The glass transition temperature, Tg, was defined as the peak of tanδ. G’ and Tg 
for each polymer type are given in Table A.1. 
 Showing a similar trend to the shear modulus in Figure A.2c, the shear storage 
modulus is highest for samples containing active SP, and slightly lower for samples 
containing no SP or a difunctional SP. Again, due to the addition of solvent to samples 
containing monofunctional SP, the shear storage modulus of these samples is lower 
than other sample types. The glass transition temperature is nearly constant for all 
samples except those containing monofunctional control SP, which is significantly lower. 
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Figure A.1: a) Representative shear stress vs. shear strain profiles for each polymer type tested in torsion 
at 10-3 sec-1. b) Graphical representation of polymer properties compared in Figure A.2. 
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Figure A.2: Comparison of mechanical properties as shown graphically in Figure A.1b for each polymer 
type. a) Yield stress. b) Yield strain. c) Shear modulus. d) Hardening modulus. Error bars reflect one 
standard deviation of the data. 
 
Table A.1. Shear storage modulus (G’) and glass transition temperature (Tg) for each polymer type. 
 
PMMA-EGDMA 
Active SP No SP Monofunctional Control SP 
Difunctional Control 
SP 
G’ (GPa) 1.2 0.98 0.79 0.98 
Tg (°C) 122 122 88 123 
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APPENDIX B 
FLUORESCENCE SPECTROSCOPY OF SPIROPYRAN 
CROSSLINKED-PMMA 
 
 Fluorescence spectroscopy of SP-crosslinked PMMA was performed using a 
Horiba LabRAM HR Raman spectroscopy imaging system. The polymer types 
investigated were 1 mol% crosslinked PMMA, synthesized as described in Section 
2.2.1, and containing either mechanically active SP, no SP, monofunctional control SP, 
or difunctional control SP. Each polymer type was subject to stimuli designed to drive 
SP to either the open (MC) form to produce fluorescence or the closed (SP) form to 
eliminate fluorescence. The stimuli along with corresponding conditions used and 
transformation induced are summarized in Table B.1. Exposure to intense white light for 
at least 24 hours was used to drive SP to the closed, non-fluorescent form. Containment 
in dark conditions for at least 3 months, exposure to ≈150°C for 5 minutes, irradiation 
with 365 nm UV light, or mechanical impact with a hammer were used to drive SP to the 
open, fluorescent MC form. Using an excitation wavelength of 532 nm, emission spectra 
from 550 nm to 750 nm were collected for various polymer types and stimuli. 
 Figure B.1 shows the emission spectra for each polymer type and stimuli. 
Polymers containing mechanically active SP are shown in Figure B.1a. A fluorescence 
peak near 625 nm indicates the opening of SP to MC. As expected for this polymer 
system, dark, heat, UV light, and mechanical impact stimuli drive SP to MC, with 
mechanical impact producing the largest fluorescence response. Figure B.1b shows the 
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response of crosslinked PMMA containing no SP to each stimuli. As expected, this 
polymer type shows virtually no fluorescence to stimuli of heat, dark, and mechanical 
impact. As small fluorescence signal is produced with UV light stimuli, a result with has 
been previously described by Taguenang et al.[81]. The use of both monofunctional 
control SP and difunctional control SP is based on the premise that these molecules are 
still able to open to the MC form with stimuli of dark, heat, and UV light, but preclude the 
mechanical pathway. Figures B.1c and B.1d show that polymers containing 
monofunctional control SP and difunctional control SP, respectively, have very little 
fluorescence in response to mechanical impact, but have large fluorescence signals 
following other stimuli. Polymers containing monofunctional control SP produce the 
largest fluorescent response to dark and UV light stimuli, while polymers containing 
difunctional control SP produce the largest fluorescent response to heat and UV light 
stimuli.  
 
Table B.1: Stimuli and conditions used to drive the SP mechanophore to open (MC) or closed (SP) forms. 
Stimuli Conditions Induced transformation 
White light intense white light, 24 hours MC è SP 
Dark containment in dark, at least 3 months SP è MC 
Heat ≈ 150°C, 5 minutes SP è MC 
UV light 365 nm, 24 hours SP è MC 
Mechanical impact hammer SP è MC 
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Figure B.1: Fluorescence spectra of each polymer type after various stimuli. a) PMMA-EGDMA-SP. b) 
PMMA-EGDMA. c) PMMA-EGDMA-monofunctional control SP. d) PMMA-EGDMA-difunctional control 
SP. 
 
